Cytoplasmic Ca 2+ oscillations are a universal signaling mode that activates numerous cellular responses [1, 2] . Oscillations are considered the physiological mechanism of Ca 2+ signaling because they occur at low levels of stimulus intensity [3] . Ca 2+ oscillations are proposed to convey information in their amplitude and frequency, leading to activation of specific downstream targets [4] [5] [6] 
Summary
Cytoplasmic Ca 2+ oscillations are a universal signaling mode that activates numerous cellular responses [1, 2] . Oscillations are considered the physiological mechanism of Ca 2+ signaling because they occur at low levels of stimulus intensity [3] . Ca 2+ oscillations are proposed to convey information in their amplitude and frequency, leading to activation of specific downstream targets [4] [5] [6] . Here, we report that the spatial Ca 2+ gradient within the oscillation is key. Ca 2+ oscillations in mast cells evoked over a range of agonist concentrations in the presence of external Ca 2+ were indistinguishable from those in the absence of Ca 2+ when plasmalemmal Ca 2+ extrusion was suppressed. Nevertheless, only oscillations with accompanying Ca 2+ entry through store-operated CRAC channels triggered gene expression. Increased cytoplasmic Ca 2+ buffering prevented oscillations but not gene activation. Local Ca 2+ influx and not global Ca 2+ oscillations therefore drives gene expression at physiological levels of stimulation. Rather than serving to maintain Ca 2+ oscillations by replenishing stores, we suggest that the role of oscillations might be to activate CRAC channels, thereby ensuring the generation of spatially restricted physiological Ca 2+ signals driving gene activation. Furthermore, we show that the spatial profile of a Ca 2+ oscillation provides a novel mechanism whereby a pleiotropic messenger specifically activates gene expression.
Results and Discussion
Since Prince and Berridge first proposed the existence of cytoplasmic Ca 2+ oscillations in blowfly salivary gland [7] , these oscillations induced by receptor activation have been found in virtually all cell types [8] . Ca 2+ oscillations are thought to confer several advantages over a sustained bulk Ca 2+ rise in activating Ca 2+ -dependent responses [9] . These include increased sensitivity to the Ca 2+ signal and circumvention both of the desensitization and excitotoxicity that can occur in response to a maintained Ca 2+ signal. Furthermore, different amplitudes and/or frequencies of Ca 2+ oscillation can recruit specific downstream Ca 2+ -dependent targets [4] [5] [6] 10] , providing a mechanism for selective responses to the promiscuous Ca 2+ signal. The diffusion of Ca 2+ through an open Ca 2+ channel in either the plasma membrane or an intracellular organelle results in the rapid build-up of a local microdomain of elevated Ca 2+ [11] . Depending on the type of Ca 2+ channel, the Ca 2+ concentration within a microdomain can reach tens of micromolar, several-fold higher than the bulk cytoplasmic Ca 2+ rise [11, 12] . Ca 2+ microdomains associated with voltagegated Ca 2+ channels activate neurotransmitter release [11] , open colocalized Ca 2+ -dependent K + channels [13] , and trigger gene transcription [14, 15] [22] , it is needed to refill the stores and thus maintain the oscillatory mechanism that is driven by the intracellular milieu.
At (1) it is an important component of the transcription factor complex AP1 that regulates expression of chemokines in immune cells [23] and (2) Ca 2+ influx through CRAC channels is a strong activator of c-fos transcription and translation [24] . Stimulation with LTC 4 for 12 min in the presence of external Ca 2+ consistently activated c-fos expression over a range of agonist concentrations ( Figure 3A) . Strikingly, stimulation for the same time in the absence of Ca 2+ failed to evoke any c-fos expression even when La 3+ was present to maintain the Ca 2+ oscillations ( Figure 3A) . This was the case over the range of LTC 4 Stimulation of cysteinyl leukotriene type I receptors with LTC 4 activates CRAC channels [20] and a low concentration of Gd 3+ (which is considered specific for CRAC channels) accelerated the decline of Ca 2+ oscillations in 2 mM external Ca 2+ ( Figure S1 ). To confirm that Ca 2+ entry through CRAC channels drives gene expression, we blocked the channels with the Synta compound and examined the effects on c-fos induction. As we have shown recently [25] , the Synta compound is an effective inhibitor of CRAC channels. Stimulation with 160 nM LTC 4 The finding that the amplitude and frequency of Ca 2+ oscillations to LTC 4 entry is impeded from eliciting a more global Ca 2+ rise [27] . We considered the possibility that La 3+ might enter cells and interfere with c-fos expression, thus complicating interpretation of the experiments in Figure 3 where gene expression is measured in 0 Ca 2+ plus La
3+
. Two arguments can be raised against this. First, we have previously shown that La 3+ does not enter cells to any detectable level over the time course of the experiments described here [18] . Second, we triggered Ca 2+ influx independent of store-operated Ca 2+ entry to see whether La 3+ inhibited the subsequent activation of gene expression. We used the Ca 2+ ionophore ionomycin, which increases Ca 2+ entry directly through its ionophore properties and indirectly through store depletion and subsequent activation of CRAC channels [28] . Because 1 mM La 3+ completely abolishes store-operated Ca 2+ entry ( Figure 4C ), we were able to isolate the Ca 2+ influx because of direct ionophore transport by pretreating cells with this trivalent cation. The Ca 2+ response to ionomycin was slightly reduced by 1 mM La 3+ ( Figure 4D ) but c-fos expression was unaffected ( Figure 4E) [11, 12] . As we have shown previously, preincubating cells with EGTA-AM substantially reduced the Ca 2+ rise that occurred after store-operated Ca 2+ entry [18] . EGTA also abolished the global Ca 2+ oscillations evoked by LTC 4 (63 cells) but had no inhibitory effect on c-fos expression in response to the same concentration of agonist ( Figure 4F) . We considered the possibility that the c-fos expression response might have already saturated after stimulation with thapsigargin in 2 mM Ca
2+
. If so, this could mask a potential difference in c-fos expression when compared with that induced after loading the cytoplasm with EGTA. However, a modest fall in the rate of Ca 2+ entry produced a reduction in the extent of c-fos expression, arguing against saturation of the response. Readmission of 0.25 mM and 0.5 mM external Ca 2+ to cells pretreated with thapsigargin in Ca 2+ -free solution elicited a slower rate of Ca 2+ influx (22.8% 6 6.7% and 48.9% 6 11.1% of that seen in 2 mM Ca 2+ [18] ). c-fos expression was likewise reduced to 38% 6 3.8% and 64% 6 5.1% (p < 0.01 in both cases) that seen in 2 mM Ca 2+ . The Ca 2+ chelator BAPTA is fast enough to intercept incoming Ca 2+ and thus reduce the amplitude and spatial extent of local Ca 2+ entry [11] . Loading the cytoplasm with BAPTA suppressed gene expression induced by LTC 4 ( Figure 4F ). Because BAPTA is able to restrict Ca 2+ influx to within a few nanometers of the channel pore, these results demonstrate that local Ca 2+ influx drives gene expression and that global Ca 2+ oscillations are not essential to this process. Our findings provide new insight into how cells decode the universal oscillatory Ca 2+ signal. Rather than responding to the amplitude or frequency of the Ca 2+ oscillations, we have discovered that the spatial profile of the oscillatory Ca 2+ signal is the key trigger for gene expression. Abolition of global Ca 2+ oscillations by increasing cytoplasmic Ca 2+ buffering had no inhibitory effect on gene expression. Instead, local Ca 2+ influx through CRAC channels was sufficient to drive c-fos transcription. The digital nature of the Ca 2+ oscillations is therefore not the fundamental signaling unit used to drive excitation-transcription coupling at low levels of stimulus intensity, at least in the cell type we have used. Although the importance of CRAC channels to physiological responses has been appreciated, it was thought that the role of the channels was simply to provide a ''top-up'' of Ca 2+ [5] , alter mitochondrial ATP production [6] , and drive exocytosis [10] . Our results now show that important information is contained in the spatial signature [15, 29] or NMDA receptors [30] activate gene expression independent of the bulk Ca 2+ rise. Although these pioneering studies revealed the importance of local Ca 2+ signals in driving excitation-transcription coupling, the stimuli used were 60-90 mM K + pulses for tens of seconds or bursts of action potentials for 5 min. In our experiments, we have used a physiologically relevant trigger, namely a low dose of an agonist. Spatially restricted local Ca 2+ entry can therefore trigger transcription after a stimulus of physiological intensity. Moreover, it is this spatial signature within a global Ca 2+ oscillation, rather than the oscillation itself, that triggers c-fos gene expression. Such spatial decoding greatly increases the versatility of Ca 2+ as a second messenger, enhances the efficacy of Ca 2+ in promoting gene expression, and provides a novel means for generating specific Ca 2+ -dependent cellular responses.
Experimental Procedures
Cell Culture The mast cell line RBL-1 was bought from ATCC and cultured as previously described [25] .
Single-Cell Ca 2+ Imaging RBL-1 cells were loaded with fura 5F as described [18] . Cells were excited at 356 and 380 nm (20 ms exposures) at 0.5 Hz and the ratio (R) calculated. ). LTC 4 was purchased from Axxora.
EGTA and BAPTA Loading Cytoplasmic loading with EGTA or BAPTA was carried out by preincubating cells with EGTA-AM or BAPTA-AM (25 mM) for 40 min at w24 C in the dark together with fura 5F (2 mM). Cells were then washed three times and allowed to recover for a further 15 min in the dark.
c-fos Expression RT-PCR was carried out as described previously [24] .
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